Weld metal composition change in 200 m deep, 304 stainless steel microjoints fabricated using millisecond long Nd-YAG laser pulses was investigated experimentally and theoretically. The variables studied were pulse duration and power density. After welding, concentrations of iron, manganese, chromium, and nickel were determined at various locations of the microjoint using the electron microprobe analysis. The temperature field was simulated as a function of time from a well-tested three-dimensional transient heat transfer and fluid flow model. Using the computed temperature fields, vaporization rates of various alloying elements resulting from both concentration and pressure driven transport of vapors and the resultant composition change of the alloy were calculated. The calculations showed that the vaporization took place mainly from a small region near the center of the beam-workpiece interaction zone, where the temperatures were very high. Furthermore, the alloying element vaporization was most pronounced toward the end of the pulse. After the laser spot welding, the concentrations of manganese and chromium in the weld pool decreased, whereas the concentrations of iron and nickel increased. The composition changes predicted by the model were in fair agreement with the corresponding experimental results for various conditions of microjoining with short duration pulses.
I. INTRODUCTION
The joining of very small metallic components is often accomplished with short laser pulses of only a few milliseconds duration. The laser microjoining is characterized by its small length scale, fairly short duration, highly transient nature, and very high heating and cooling rates. 1 Because of the high power density used, the weld metal is rapidly heated to very high temperatures, and as a consequence, significant vaporization of volatile alloying elements often takes place from the weld pool surface. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Previous work on linear laser welds has shown that the composition of many important industrial alloys can change significantly owing to selective vaporization of alloying elements. The composition change, in turn, can lead to significant changes in the microstructure and degradation of the mechanical and corrosion properties of the welds.
The vaporization of the alloying elements during microjoining is different from that during linear welding in several ways. First, the evaporation rate is strongly time dependent i.e., the rate is negligible at the initiation of the pulse and gradually increases owing to the increase in temperature. Second, because of the short duration of the laser pulse, the experimental determination of temperature and velocity fields is difficult and remains both an important goal and a major challenge in the field. Third, although both the surface area and the volume of the weld pool are small, they change significantly with time. As a result of these difficulties, very little information is available in the literature about measurement of important variables, such as the temperature field, during microjoining.
In a recent paper in this journal, 12 an experimental technique was proposed to determine an approximate value of the peak temperature in the weld pool from the vapor composition during irradiation by a pulsed laser beam. Composition of the metal vapor from the weld pool was determined by condensing a portion of the vapor on the inner surface of a both end open quartz tube, which was mounted perpendicular to the sample surface and coaxial with the laser beam. The vapor composition was used to determine an effective temperature of the weld pool for various welding conditions. This technique is shown to be a useful method to determine the approximate values of peak temperature during laser sport welding. However, peak temperature is only one of the factors in the understanding of alloying element vaporization during laser welding. Once the liquid pool forms, a strong spatial gradient of temperature exists on its surface. The resulting gradient of surface tension is the main driving force for the recirculating flow of molten metal in the weld pool. In addition, the buoyancy force resulting from the spatial variation of density also contributes to the motion of the weld pool although to a much lesser extent than the surface tension gradient. 1, [13] [14] [15] Because of the strong recirculating flow, the weld pool can be reasonably assumed to be well mixed and compositionally homogeneous. For a weld pool of a known composition, the vaporization rates of various al-loying elements are strongly affected by the surface temperatures. In order to minimize the mass loss during high power laser welding, it is necessary to quantitatively understand the role of various factors, such as the temperature distribution on the surface, the weld metal chemical composition, and the weld surface area that affect vaporization of alloying elements during laser assisted microjoining.
Numerical models have been used to understand the heat transfer and fluid flow during both the linear and spot welding. These models have been widely utilized to quantitatively understand the thermal cycles and fusion zone geometry. [16] [17] [18] [19] [20] [21] [22] [23] [24] Results from the heat transfer and fluid flow study have also been used to study the weld phase composition in the linear welds, [25] [26] [27] inclusion structures, [28] [29] [30] grain structure, [31] [32] [33] and for the prevention of porosity in the welds. 34 However, most of these studies were focused on the linear steady-state welds and not on the very short duration laser assisted microjoining. Although a limited number of investigations of spot welds have been undertaken in the past, time scales studied were much longer than the typical few milliseconds involved in the laser spot welds. A detailed experimental and theoretical study of the alloy composition change during laser assisted microjoining has not been undertaken.
In this paper, recent experimental and modeling results of composition change in stainless steel during laser assisted microjoining are examined. Concentrations of iron, manganese, chromium, and nickel were determined at various locations of the microjoint using the electron microprobe analysis. A transient, three-dimensional numerical heat transfer and fluid flow model based on the solution of the equations of conservation of mass, momentum, and energy was used to calculate the temperature and velocity fields in the weld pool as a function of time. Using the computed temperature profiles as a function of time, the vaporization rates and the weld metal compositional changes are computed. Model predictions of compositional changes are compared with the corresponding experimentally measured values.
II. EXPERIMENTAL PROCEDURE
Specimens of 304 stainless steel were irradiated with Nd-YAG (Neodymium-yttrium aluminum garnet) laser pulses of different power density and duration at Sandia National Laboratories. The alloy composition is given in Table  I . Individual spot welds from a pulsed laser beam were made on 3 ϫ 10ϫ 17 mm EDM (Electrical Discharge Machining) wire cut samples. A Raytheon SS 525 pulsed Nd: YAG laser was used for the experiments. The welding conditions were varied by changing the input energy, pulse duration, and beam radius. The input energies of 2.1, 3.2, and 5.9 J and pulse durations of 3.0 and 4.0 ms were used, respectively. For each combination of input energy and pulse duration, the various laser beam radius were obtained by defocusing the laser beam to different extents. Supplementary argon shielding was provided to reduce the oxide formation and for the protection of the lens during welding. Up to 15 individual spot welds were made on each of the samples. After welding, the concentrations of iron, manganese, chromium and nickel along the radial direction of the weld pool were traced by the electron microprobe. Because the other alloying elements constitute less than 1 wt %, they were not recorded.
III. MATHEMATICAL MODELING

A. Transient temperature profiles
A numerical model to simulate heat transfer and fluid flow in the weld pool was used to calculate the temperature and velocity fields in the weld pool during both heat and cooling. This transient model has been extensively validated 1, 12, 24, 27, 29, 32, [35] [36] [37] and has been used to calculate the weld pool geometry, temperature, and velocity fields during welding of pure iron, 24, 37 steel, 1, 8, 11, 12, 29, 35, 36 aluminum alloy, 9 and titanium alloy 32 under different welding conditions. Calculations were made for both the moving and the stationary heat sources and for the laser beam, arc, and hybrid welding. The assumptions, the model framework, and the solution procedure have been described in details in recent papers 1, 35 and are not repeated here. The computed temperature fields as a function of time are then used to calculate the vaporization rates and the composition change of the alloying elements. The data used for the calculations [38] [39] [40] [41] [42] are presented in Table II .
B. Vaporization due to concentration gradient
On the weld pool surface, the concentrations of the alloying elements in the vapor are higher than those in the bulk shielding gas. The diffusive vaporization flux of the element i, J ci , can be defined as
where M i is the molecular weight of the element i a i , is the activity of the element i in the liquid metal, P i 0 is the equi- librium vapor pressure of the element i over its pure liquid, R is the gas constant, T l is the temperature on the weld pool surface and is obtained from the transient heat transfer and fluid flow model, C i s is the concentration of the element i in the shielding gas, and K gi is the mass transfer coefficient of the element i between the weld pool surface and the shielding gas. Its value is calculated from the graphical results of Schlunder and Gniclinski 43 for a jet impinging on a flat surface and can be expressed by
where Sc is the Schmidt number, Re is the Reynolds number at the nozzle exit, D i is the average diffusivity of the element i in the shielding gas, d is the diameter of the shielding gas supply nozzle, and r is the radial distance on the weld pool surface.
C. Vaporization due to pressure gradient
During laser welding, the peak temperature reached on the weld pool surface often exceeds the boiling point of the alloy. As a result, the vapor pressure on the weld pool surface can be higher than the ambient pressure, and the excess pressure provides a driving force for the vapor to move away from the surface. Therefore, the convective flux of the vaporized elements, driven by the excess pressure, is an important contributor to the overall vaporization flux.
On the weld pool surface, the molecules cannot travel in the negative direction, and as a consequence, the velocity distribution is half-Maxwellian. Close to the weld pool, there exits a space of several mean-free-paths length, known as the Knudsen layer, at the outer edge of which the velocity distribution just reaches the equilibrium distribution. A portion of the vaporized material condenses on the liquid surface. The rate of the condensation was taken into account in the model.
The temperature T v , the density v , the pressure P v , and the mean velocity u of the vapor at the edge of the Knudsen layer can be related to the temperature T l , density l , and pressure P l of the vapor on the liquid surface by treating the Knudsen layer as a gasdynamic discontinuity. Anisimov and Rakhmatulina 44 and Knight 45 derived expressions for the vapor temperature, density, velocity, and the extent of the condensation across the Knudsen layer by solving the equations of conservation of mass, momentum, and translational kinetic energy. The derived jump conditions across the Knudsen layer are given by
the average molecular weight of the vapor, ␥ v is the ratio of specific heat of the vapor, which is treated as a monatomic gas, erfc is the complimentary error function, and ␤ is the condensation factor. In order to solve these equations, an additional equation is obtained by applying the RankineHugoniot relation 46 to relate the pressure at the edge of the Knudsen layer to the ambient conditions
where P g and P 2 are the pressures in front of and behind the wavefront, respectively, P 2 = P v , ␥ g is the ratio of the specific heats for the shielding gas, 
where S is the speed of sound in the vapor at temperature T v . Since the rate of the vaporization of an alloying element is proportional to its partial pressure over the weld pool, the vaporization flux of the element i, J pi , due to pressure gradient can be given by
A more detailed procedure for the calculation of the total vaporization flux due to the pressure gradient is available elsewhere.
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D. Vaporization rate and composition change due to vaporization
The total vaporization flux for the element i is the sum of the diffusion driven flux, J ci , and pressure driven vapor flux, J pi , and can be given by
The vaporization rate is obtained by integrating the vapor flux over the entire weld pool surface. The vaporization rate of the element i is given by
where s indicates the weld pool surface; the weight loss of the element i can be calculated by
where ⌬t is the time step. The initial weight percent of the element i is chosen to be that of the base metal, indicated by W bi . The weight percent of the element i, W i in the weld pool can be calculated by
where V is the volume of the weld pool, is the density of the liquid metal, and the variable n indicates the number of elements in the vapor. The final composition in the weld pool is calculated by an interactive scheme. After each iteration, the composition of the alloying elements in the weld pool is updated. Using the new values of composition of the alloying elements, all the calculations are repeated until the calculated composition in the weld pool converges. The concentration change of the element i is the difference of the final weight percent in the weld pool and the weight percent of the element i in the base metal,
IV. RESULTS AND DISCUSSION
When very high power density energy sources, such as laser and electron beams, are irradiated on the surface of a solid alloy target, the substrate is heated by the absorbed energy rapidly, the alloy melts, and a liquid weld pool forms. At this stage, the concentrations of the metal vapors are higher near the weld pool surface than in the bulk shielding gas. The vapor flux is driven mainly by the diffusion in the gas phase outside the liquid pool. As the temperature of the liquid pool continues to increase and reaches its boiling point, the pressures on the weld pool surface are higher than the ambient pressure, and the excess pressure provides a driving force for the vapor to move away from the surface. The temperature distribution at the weld pool surface determines whether a concentration or a pressure gradient is the main driving force for the vaporization. Figures 1(a)-1(c) show the computed temperature and velocity fields at 1, 2, and 3 ms, respectively. The liquidmetal motion is driven mainly by the Marangoni force and to a much lower extent by the buoyancy force. 1 Because the surface tension decreases with the increase in temperature, the Marangoni force drives the liquid metal from the center to the periphery at the top surface of the weld pool. As a result, the weld pool becomes wide and shallow. During the heating by the laser beam, the weld pool grows in size and the temperatures and velocity of the liquid metal increase with time. The maximum velocity of the liquid along the x direction in the weld pool is 0.91 m / s. Using this value of velocity, the Peclet number for the heat transfer, Pe, is found to be 9.50. Because this value is much greater than 1, heat is transported mainly by convection within the weld pool. Figure 2 shows the computed peak temperature and the volume of the weld pool as a function of time. During the initial period of about 1 ms, the temperature increases rapidly and then grows slowly until the end of pulse duration. As a consequence, most of the vaporization occurs during the last 2 ms. Unlike the temperature, the volume of the weld pool increases almost linearly with time for the entire 3 ms period. This result clearly shows that a steady state is not reached for the entire duration of the pulse. After the laser is switched off, the temperature decreases rapidly and consequently, the weld pool shrinks with time. It takes about 1.2 ms after the power is switched off for the weld pool to solidify completely. The computed results show that the peak temperature can exceed the boiling point of the alloy. Under this condition, the equilibrium vapor pressure on the liquid surface is higher than one atmosphere, and the vaporization is mainly driven by the pressure gradient.
A. Computed temperature fields and weld pool geometry
The effect of power density on the peak temperature and weld pool volume is shown in Fig. 3 . The peak temperature in this figure is computed at the end of the pulse. It is interesting to note that the weld pool volume at the end of 3 ms does not increase significantly above 2000 W / mm 2 , whereas the peak temperature increases continuously even beyond this power density. Clearly, the weld pool volume is limited by the rate of heat transfer in the solid region above 
W / mm
2 , whereas the deposition of higher power density locally does increase the peak temperature.
B. Vaporization rate
Because the weld pool surface temperatures reach fairly high values, pronounced vaporization of the alloying elements takes place during laser spot welding. The Langmuir equation is often used to calculate the vaporization flux because of its simplicity
where P i is the vapor pressure over the alloy, M i is the molecular weight of the species i, R is the gas constant, and T is the temperature. However, the Langmuir equation is accurate only at very low pressures, where significant condensation of the vapor does not take place. As a result, when welding is conducted at 1 atm, Eq. (14) predicts a much higher vaporization flux than the actual. The equilibrium vapor pressures of the various alloying elements over the respective pure liquids, necessary to calculate the vaporization flux, are presented in Table III . [48] [49] [50] [51] Assuming that the alloy is ideal at high temperatures, the equilibrium vapor pressures of the various species over the alloy can be expressed as
where X i is the mole fraction of the element i in the alloy and P i 0 is the equilibrium vapor pressure of the element i over the pure liquid. The computed vapor pressures of alloying elements over the pure liquids and over 304 stainless steel at various temperatures are shown in Fig. 4 . It can be seen from Fig. 4(a) that in the entire temperature range, the vapor pressure of manganese over its pure liquid is the highest. However, its vapor pressure over the alloy is lower than those of iron and chromium, as observed from Fig. 4(b) . This behavior is consistent with the fact that manganese only accounts for 1.0 wt% in 304 stainless steel whereas iron and chromium are present at 72.3 and 18.1 wt%, respectively. Figure 5 shows that computed temperature distribution and total vapor fluxes on the weld pool surface after 3.0 ms calculated by the model and the Langmuir equation. Because the vapor pressure of all the alloying elements are strong functions of temperature (as shown in Fig. 4) , both distribution patterns of the vapor fluxes are similar to the surface temperature profiles. From Fig. 5(a) , the peak temperature near the weld center of the beam-workpiece interaction zone exceeds the boiling point of the alloy. As a result, the vaporization here is predominantly driven by the pressure gradient. Most of the vaporization from the weld pool surface occurs from this active region. The diameter of this region is approximately 0.2 mm, as can be observed from Fig. 5(b) . This dimension is comparable but somewhat smaller than the 
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The equilibrium vapor pressures a over pure liquid ͑atm͒ Figure 6 shows the variation of the vaporization rates with time as calculated by the model and the Langmuir equation. It can be seen that the vaporization rates of the constituent alloying elements increase with time. At the end of pulse cycle, vaporization rates decrease suddenly and the vaporization of the alloying elements stops. The time-dependent vaporization rate is determined by the changes in the temperature distribution at the surface of the weld pool as shown in Figs. 1 and 2(a) . From Fig. 6 , it can be also seen that iron is the main vaporizing species, followed by chromium and manganese. Although manganese has the highest vapor pressure over its pure liquid, its low equilibrium vapor pressure over the alloy results in a lower vaporization rate than either iron or chromium. Figure 7 shows the typical concentration profiles of Fe, Cr, Ni, and Mn after laser spot welding of 304 stainless steel determined by the electron microprobe analysis. It is observed that the concentrations of the constituent elements in the fusion zone are different from those in the base metal. The concentrations of manganese and chromium in the weld pool are lower than those in the base metal because of vaporization. In contrast, the concentrations of iron and nickel in the fusion zone are higher than those in the base metal, and these results need some discussion. Although the total mass of iron and nickel in the weld pool is lower than those before the welding, the total mass of the weld pool has decreased at a higher proportion because of the loss of manganese, chromium, iron, and nickel. As a result, the concentrations of iron and nickel in the fusion zone are higher than those in the base metal because of the loss of manganese and chromium. Although this behavior may appear counterintuitive, it is consistent with Eq. (12) .
C. Composition change
The computed changes in the concentrations of the constituent alloying elements, as a function of time, are shown in Fig. 8(a) . In the first millisecond, the concentration change of the alloying elements is small due to the low temperature. After that, the vaporization rate increases due to increase in temperature, and as a result, the concentrations of alloying elements significantly increase with time. It can be seen that the concentrations of manganese and chromium decrease, whereas those of iron and nickel increase due to the laser spot welding. This behavior is similar to the experimental results presented in Fig. 7 . Figure 8(b) shows that the change in the concentration becomes more pronounced with the increase in the laser power density, resulting from higher temperatures. At the highest laser power density, the absolute values of the concentration changes of iron and chromium are 0.327 and 0.375 wt%, respectively, which are higher than the composition changes of nickel and manganese. This is mainly due to the high concentrations of iron and chromium in the weld metal.
The comparison between the experimental and computed concentration changes of the various alloying elements is shown in Fig. 9 . The fair agreement between the experimental and the computed concentration changes of manganese, as a function of power density, can be seen in Fig. 10 . In experiments, several electron microprobe traces were made for each sample. From Eq. (12), the final concentration is affected by two factors: the volume of the weld pool and the total weight loss. As the laser power density increases, both the volume and the total weight loss increase. As a result, the change of concentration with laser power density is not monotonic. Depending on how the rates of total weight loss and volume change with power density, the value of the con- centration change either increases or decreases. Because the concentration change of the alloying elements has effects on the mechanical or corrosion properties of the alloys, the successful prediction of the composition change by the model is helpful to understand how these properties are affected by laser spot welding.
V. SUMMARY AND CONCLUSIONS
A comprehensive model to calculate the temperature, the vaporization rates of the alloying elements, and the weld metal composition change during laser microjoining with 200 m deep spot welds of 304 stainless steel, taking into account both the vaporization and condensation, was developed. During laser spot welding, the peak temperatures and the volume of the weld pool increased with time and laser power density. At high power densities, the computed temperatures on the weld pool surface were found to be higher than the boiling point of 304 stainless steel. As a result, vaporization of the alloying elements resulted from both the pressure and the concentration gradients. The vaporization rates and concentration changes of the constituent alloying elements were predicted by the model. The calculations show that the concentrations of manganese and chromium decreased, whereas the concentrations of iron and nickel increased owing to welding. The composition change predicted by the model was in fair agreement with the corresponding experimental results for spot welds of a few millisecond duration and a few hundred micrometer depth.
